With a Petawatt class CPA laser of the LLNL Livermore or the proposed GSI (Darmstadt) type laser interactions with matter can be studied in the upper 10 20 W/cm 2 regime. For such a laser focused into an underdense plasma strong electron bursts with energies up to several 100 MeV are ejected in forward direction leading to a comparable burst of bremsstrahlung radiation in the presence of high Z material. Here we discuss the corresponding -induced nuclear reactions including secondary particle production including pions. Due to the threshold behaviour in the production and the advantage of delayed detection, we propose to employ these reactions for probing the initial plasma conditions.
regime. For such a laser focused into an underdense plasma strong electron bursts with energies up to several 100 MeV are ejected in forward direction leading to a comparable burst of bremsstrahlung radiation in the presence of high Z material. Here we discuss the corresponding -induced nuclear reactions including secondary particle production including pions. Due to the threshold behaviour in the production and the advantage of delayed detection, we propose to employ these reactions for probing the initial plasma conditions.
Introduction
The development of high power CPA lasers within the last decade presently culminates in focal intensities above 10 20 W/cm 2 1] and corresponding electric eld strengths of 3 10 13 V/m, implying a fully relativistic electron quiver motion. In this regime, the refractive index of an underdense plasma n(r) = 1 ? ! 2 p ( ; r)=! 2 n e (r)=n 0 ], r being the distance from the beam center, will be in uenced in two ways. By ponderomotive expulsion the electron density n e (r) will be reduced compared to the background density n 0 , locally increasing n(r). Furthermore, the plasma frequency ! p ( ; r) = p 4 e 2 n 0 = (r)m e is reduced due to the relativistic mass increase (r)m e , also raising the refractive index. If the laser power now exceeds the critical power of P c = 17(!=! p ) 2 GW 2] , this focusing e ect balances di raction keeping the beam focused over many Rayleigh lengths, a process which is referred to as ponderomotive{ relativistic self focusing 3, 4] .
Moreover, a burst of relativistic electrons is ejected predominantly in laser direction, forming a plasma waveguide (channel) for the co-propagating laser beam 3, 4, 5]. The currents involved reach a strength in the order of the Alfven current I A = (mc 3 =e) = 17 kA , assuming up to 5 10 12 electrons in a pulse of about the laser pulse length of 400 fs 7]. They are surrounded by self-generated circular magnetic elds of the order of 100 MGauss. Several acceleration mechanisms have been proposed, such as wake eld acceleration 4, 8] and plasma wave breaking 9] or resonant energy transfer to the quivering electrons in an inverse FEL process 10], nevertheless the acceleration scheme is not yet fully understood. Moreover ions are driven out of the channel due to the large space charge generated by the electron density depression.
The large uxes of high energy electrons and ions give rise to the production of various types of secondary particles (Fig. 1) , which due to their threshold behavior in the production are optimally suited to probe the conditions inside the channel. We propose to concentrate especially on delayed reactions and slow particles that reach particle detectors after a temporal delay, because the tremendous ux of -rays produced causes severe pile-up in particle detectors. Furthermore the ultrafast temporal characteristics of the particle radiation and the m scale source size could open up new elds of applied research.
Expected yield of primary electrons
Relativistic 3D PIC using the VLPL code 11] calculations of the laser plasma interaction were carried out for focal intensities of 10 18 W/cm 2 (1 TW, 150 fs), 10 19 W/cm 2 (10 TW, 150 fs), 10 20 W/cm 2 and 10 21 W/cm 2 (1 PW, 330 fs), corresponding to the presently available intensity at the MPQ ATLAS laser, the ongoing upgrade of this system, and a realistically (spot size 30 m) and ideally (9 m) focused petawatt system. The laser was assumed to be focused into a preformed plasma with an exponential density pro le (scale length 30 m) reaching from vacuum to 6n c , with n c being the critical density. In Fig. 2 and Fig. 3 the calculated spectra are shown, which can be parametrized by a suprathermal distribution with temperatures of 0.8 MeV, 5 MeV, 12 MeV and 50 MeV, respectively. Compared to experimental data 5, 15], the shape of the spectra matches well in the high energy part. However, for the 10 18 W/cm 2 case 5], the experimental yield was found to be one order of magnitude lower than the calculated one.
3 Secondary particle production processes
We now focus on the nuclear physics processes which can occur in a solid target following the plasma region as partially suggested by 6]. Representing the primary energy loss mechanism for the electron beam, bremsstrahlung is generated with an energy range of nearly up to the maximum electron energy. In Fig. 3 the calculated bremsstrahlung spectrum in 8 mm of tungsten for 10 21 W/cm 2 is shown. The spectrum was calculated numerically using the code GEANT 18] and nearly follows the shape of the electron spectrum at an intensity level of 0.1%. Various processes arise from the presence of this large gamma ux. In Fig. 1 the main production reactions are shown. One can easily distinguish di erent mechanisms, the one with the lowest threshold being electromagnetic pair production. At somewhat higher energies ( ; n) reactions will occur, corresponding to the excitation of nuclei in the target. At the highest energies above 320 MeV pion production is expected with a large cross-section, due to the formation of the -resonance in the nucleons. Furthermore, Coulomb explosion of the laser channel drives ions of several MeV into radial direction, allowing e.g. fusion reactions in deuterium gas.
Neutron production via ( ; n) reactions with nuclei
For -energies as low as 1.67 MeV, the cross-section for 9 Be( ; n) 8 Be shows a narrow resonance of 1. 
Pion production via the -resonance
At 10 21 W/cm 2 , the electron and also the -spectrum is predicted to have a temperature of 50 MeV, so that further processes will be allowed. The lowest excited state of the nucleon, the (1232) spin ip resonance of the valence quarks in the nucleon, is located around a -energy of 310 MeV. The resonance is observed independent of charge in protons ( + ) as well as in neutrons ( 0 ) at nearly the same energy. The maximum cross-section amounts to 0.3 mbarn. It can be excited by -rays of appropriate energy and decays primarily into a nucleon and a pion, which can be detected. In the right part of Fig. 3 , the cross-section for ( ; )-production 17] via +;0 is shown for di erent pion channels. The calculated pion yield together with primary and secondary electron and -radiation is shown in the left part of Fig. 3 for the 10 21 W/cm 2 , 1 PW case, indicating an overall number of several thousand pions per shot. However, since the half life of the charged pions for the decay into a muon and its neutrino is only 2:6 10 ?8 s, (' 5 10 ?8 s in the lab. frame), it is di cult to measure the pions directly in the vicinity of the -ash. The neutral pion decays into 2 photons after 8 10 ?17 s, so it will not contribute to a measurable signal, and most negative pions are captured by target nuclei. A promising approach is to look for the decay of the stopped muons into positrons after 2:2 10 ?6 s. A possible target geometry may consist of a low Z electron production target combined with a high Z bremsstrahlung radiator, enclosed in a high Z cylinder for production and stopping of pions. The muon should then be stopped inside a scintillator, placed around the cylinder in a nearly 4 geometry. The signature of a + will be a delayed high energy positron and, if stopped in the scintillator, two 512 keV photons. This experimental approach could therefore be used to probe the highest energy part of the electron spectrum without being a ected by the high background. 
Production of leptonic showers
At -energies beyond 1 MeV, pair production in the vicinity of nuclei takes place. The production cross-section scales like p / Z 2 lnE for E between 2.5 and 25 MeV and with a slower increase with E at higher energies. If the pairs produced have su cient energy, they will again produce bremsstrahlung above 1 MeV, so that depending on the primary energy, a shower is created 14]. The shower spectrum as plotted in Fig. 3 was calculated numerically using the GEANT code, amounting to about 10% of the yield. As shown in Fig. 1 , by the space charge of the low electron density in the channel, ions of several MeV are driven into radial direction. In order to investigate the initial ion distribution, it is convenient to determine the neutron energy spectrum from the d(d,n) 3 He fusion reaction. Its cross-section is shown in Fig. 4 together with calculated ion distributions. For the total yield depicted in the right part of Fig. 4 the same preplasma conditions as in 12] was used. The fusion neutrons are monoenergetic (2.45 MeV) in the rest frame, but due to kinematics, one observes a shifted and broadened spectrum, from which the initial ion spectrum can be deduced. First measurements 13, 12] were performed at the ATLAS laser, focused into a preformed d-plasma with an exponential density pro le of 30 m, yielding 130 neutrons/shot. With a petawatt class laser, one would expect 10 7 neutrons/shot from the predicted ion spectra. Employing this mechanism and ( ,n) reactions, a source of neutrons with extreme brilliance (small source volume) and ultrafast temporal characteristics can be envisioned for a new class of experiments.
